The study of sex differences has produced major insights into the organization of animal phenotypes and the regulatory mechanisms generating phenotypic variation from similar genetic templates. Teleost fishes display the greatest diversity of sexual expression among vertebrate animals. This diversity appears to arise from diversity in the timing of sex determination and less functional interdependence among the components of sexuality relative to tetrapod vertebrates. Teleost model systems therefore provide powerful models for understanding gonadal and non-gonadal influences on behavioral and physiological variation. This review addresses socially-controlled sex change and alternate male phenotypes in fishes. These sexual patterns are informative natural experiments that illustrate how variation in conserved neuroendocrine pathways can give rise to a wide range of reproductive adaptations. Key regulatory factors underlying sex change and alternative male phenotypes that have been identified to date include steroid hormones and the neuropeptides GnRH and arginine vasotocin, but genomic approaches are now implicating a diversity of other influences as well.
Introduction
Nobel laureate August Krogh opened his Zoophysiological laboratory at the University of Copenhagen 100 years ago. In 1929, he wrote that ''For such a large number of problems there will be some animal of choice or a few such animals on which it can be most conveniently studied" [94] . This approach of defining important questions and then carefully selecting the animal model in which to study them has been termed the 'Krogh Principle' and led to great advances in both physiology and behavior through the 20th century. Two of the central challenges facing modern biology are understanding the bases of variation in behavioral and physiological phenotypes and elucidating the mechanisms by which environmental inputs produce phenotypic variation. The study of sex determination and differentiation has been especially informative in this regard (see also [20, 21, 36, 83, 112, 113, 122, 124, 130, 155] ). This review focuses on socially-controlled sex change and alternative male phenotypes, two closely related topics where fishes provide excellent models. Fishes exhibit enormous diversity in sexual expression including all the major forms of sex determination known from vertebrate animals: parthenogenesis, temperature dependent sex determination, both protandrous and protogynous sex change, and simultaneous hermaphroditism [22, 25, 107] . In addition to the variety in sex determination patterns, fishes also often display considerable intrasexual variation in the form of discrete alternate male phenotypes within species. Fish models have been particularly important in understanding the ecology, endocrine physiology, and neurobiology of intrasexual dimorphism.
The lability in sex determination and intrasexual variation in fishes may be linked to developmental, physiological, neurobiological mechanisms that allow significant environmental influence on the process of sexual differentiation. Three features of fish development and physiology are likely to be important here. First, even in fishes with strict genotypic determination of sex, sex determination appears generally very malleable prior to sexual maturation relative to tetrapod vertebrates. This lability of sex determination is routinely exploited to create monosex stocks through steroid hormone treatments in aquaculture [25] . Second, as explored in detail by Francis [41] , fishes and tetrapods exhibit a generally reversed polarity of development with respect to the gonads and brain. While the gonads develop early in ontogeny in tetrapods and are important in organizing the brain, the reverse is true in the majority of fishes. For many marine species and especially coral reef fishes, juveniles are essentially 'miniature adults' living independently and exposed to a full range of environmental cues including social interactions before the gonads develop and sex is determined. The reversed developmental polarity (relative to tetrapods) creates the developmental opportunity for sex determination and differentiation to be shaped adaptively in response to environmental influences. Finally, at least some groups of fishes appear to show a reduced dependence on the gonads for organizing sexual behavior that may facilitate both sex change and the development of novel morph types such as female-mimic males.
This review addresses our understanding of socially-controlled sex change and alternate male phenotype expression in fishes from the neuroendocrine and neurobiological perspectives with an emphasis on behavior. Section 2 discusses socially-controlled sex change, primarily in coral reef fishes. Section 3 examines alternative male phenotype expression in gonochoristic species (non-sex changers) with examples chosen to highlight the strengths of particular groups for the study of this phenomenon. The final section synthesises information from Sections 2 to 3 in returning to a discussion of how features of teleost physiology and development may contribute to the sexual diversity seen in this vertebrate group.
Socially-controlled sex change
The Indo-Pacific cleaner wrasse (Labroides dimidiatus) has fascinated biologists and non-biologists alike with its habit of gaining nutrition through setting up 'cleaning stations' on reefs where larger fish visit and allow the cleaners to remove parasites. In 1972, Ross Robertson showed cleaner wrasses were equally remarkable sexually when he induced socially-controlled sex change in the largest females of polygynous groups by removing dominant males [137] . Sex change had already been recognized as a valuable 'natural experiment' in reproductive biology [45] , but his was the first demonstration of social control of the phenomenon and in the animal's natural habitat. This paper and a contribution by Fishelson [34] on the fairy basslet (Pseudanthias squamipinnis) stimulated a great deal of interest in socially-controlled sex change from both behavioral ecologists and neuroendocrinologists.
The range of sexual patterns in coral reef and warm temperate reef fishes includes male-to-female sex change (protandry), female-to-male functional sex change (protogyny), bi-directional sex change, and simultaneous hermaphroditism (Fig. 1, [22] ). Protogyny can be either monandric, where all males are sex changed females, or diandric, where individuals may mature as either males or females (the 'initial phase') and either can become a 'terminal phase' male. Sex change is observed in seven families across 27 orders of fishes and many species on coral reefs [22] , but most of the research has focused on five families that the discussion here will be restricted to (wrasses -Labridae, parrotfishes -Scaridae, gobies -Gobiidae, damselfishes -Pomacentridae, groupers and bassletsSerranidae).
Steroid hormones and socially-controlled sex change
Gonadal steroid hormones are key regulators of sexual differentiation and reproduction across vertebrate animals. This is also true for sex change in fishes, but with some interesting variations in the key sites of steroidogenesis and especially the role of estrogen signaling. The first studies of the physiology of sex change used wrasses and hormone manipulations to determine whether protogynous sex change could be induced through administering androgens. Working with the bluehead wrasse, Thalassoma bifasciatum, Stoll [157] found that androgen implants in females could induce the blue coloration characteristic of terminal phase males. A role for androgens has been supported and extended in more recent studies using both correlational and manipulative approaches as described below.
Correlations with plasma steroid concentrations
The most comprehensive studies of steroid correlates of socially-controlled sex change in a protogynous species have been in the Hawaiian saddleback wrasse, Thalassoma duperrey [116] . Sex change in T. duperrey can be induced by housing large females with smaller female conspecifics and inhibited by also housing them with a larger individual, which can be either a larger female or a terminal phase male [114, 140] . These housing conditions will be referred to below as 'socially permissive' and 'socially inhibitory' respectively. Nakamura and colleagues compared females and terminal phase males caught and sampled directly from reefs on the island of Oahu ('natural' females and terminal phase males) to females sampled at different points during sex change induced by housing with smaller females in floating pens ('experimental females' [116] ). Plasma levels of estradiol 17b (E 2 ) in experimental females in pens were significantly lower than E 2 levels in natural females from the earliest stages of sex change and comparable to the very low levels found in natural terminal phase males (Fig. 2) relatively low in natural females and elevated in natural terminal phase males. 11KT levels remained low in experimental females during sex change in pens. Interestingly with respect to patterns in tetrapods, testosterone (T) levels were not different between natural females and terminal phase males and did not exhibit significant variation across the sex change process. The lack of variation in T may be due to its being primarily a prohormone in many fishes, serving as a biochemical precursor for E 2 and 11KT synthesis. Gonadal steroid hormone patterns in saddleback wrasses are paralleled by differences in gonadal ultrastructure and steroid hormone synthetic capacity. Females exhibited greater gonadal E 2 synthetic capacity than advanced sex changers in vitro when stimulated by salmon gonadotropin, while terminal phase males showed greater 11KT synthesis than females in vitro with advanced sex changers being intermediate [116] . A follow up study compared terminal phase males with female-mimic initial phase males [72] . Initial phase males are externally indistinguishable from females except for the genital papilla. This external similarity is likely important for success in 'sneaker' mating tactics (a topic I return to in Section 3). Initial phase male saddleback wrasses show both lower plasma levels and lower production of 11KT by the testes in vitro than terminal phase males.
Gonadal steroid hormone patterns described for other sex changing species are generally consistent with those for saddleback wrasses. Stoplight parrotfish (Sparisoma viride) exhibit a similar pattern of sexual phenotype differentiation characterized by diandric protogyny with colorful and territorial terminal phase males and initial phase males that are very similar to females in external morphology. As with saddleback wrasses, terminal phase male stoplight parrotfish exhibit higher 11KT levels than females or initial phase males while females exhibit the highest E 2 levels [16, 17] . Cardwell and Liley were also able to sample fish undergoing natural female-to-male sex change and found elevations in plasma 11KT and decreases in E 2 in these transitional individuals. Initial phase males undergoing only color change during development into terminal phase males showed increases in 11KT consistent with a role in development of the terminal phase male phenotype. The pattern of higher E 2 levels in females and higher 11KT in males is also seen in gobies such as the blackeye goby Coryphopterus nicholsi [95] and a variety of grouper species [1, 7, 68, 102, 103] .
The associations between sex and circulating steroid levels in protandrous and bi-directionally changing species are somewhat less consistent than those for protogynous species, particularly with respect to 11KT. In agreement with the findings described for protogynous species and despite the reversed direction of sex change, the protandrous anemonefish Amphiprion melanopus displays higher levels of 11KT in males and higher levels of E 2 in females ( Fig. 3 ; [46, 47] ). Testosterone levels are also higher in female A. melanopus, but this is likely explained by T's role as a biosynthetic precursor to E 2 . Gobies able to exhibit serial, bi-directional sex change are especially interesting in this context as they maintain both ovarian and testicular tissue in the adult gonad with only one type being active at a time (e.g. [87] ). Consistent with other sex changing species, higher levels of E 2 are observed when gobies are functioning as females [96, 105] . By contrast, Lorenzi and coworkers [105] examined excreted 11KT in the bluebanded goby Lythrypnus dalli and found no difference between individuals functioning as males versus females, a finding consistent with the lack of differences across functional sexes in whole-body 11KT levels in the bi-directionally sex changing Gobiodon erythrospilus ( [98] , both L. dalli and G. erythrospilus are very small bodied, precluding plasma measurements). The lack of sex differences in 11KT levels may be related to their ability of serial, bi-directional sex change and/or their relative lack of external sexual dimorphism. Recall that initial phase male saddleback wrasses and stoplight parrotfish also lack male secondary sexual characters and have low 11KT levels, a feature generally consistent with other examples of teleost alternative male phenotypes and gonochoristic teleosts that do not display pronounced sexual dimorphism [10, 11] . This relation between 11KT levels and the display of secondary sexual characters was also strongly supported in studies of the wrasse Pseudolabrus sieboldi, where shifts from the female-typical to terminal phase male-typical coloration of the anal fin were closely correlated to serum levels of 11KT (but not E 2 [119] ).
Androgenic control
There are relatively few in-depth studies of androgen signaling other than those described for saddleback wrasses above. Information is particularly lacking in terms of steroid receptor expression. In the single published study, Kim and colleagues [78] cloned androgen and estrogen receptors from the threespot wrasse Halichoeres trimaculatus. Fishes have been reported to express two distinct androgen receptors [154, 162] , but it was not clear which AR was cloned in this H. trimaculatus study due to incomplete sequence information. Three distinct ERs are known from teleost fishes [66] and the ER cloned from H. trimaculatus was the ERa type. Using RT-PCR approaches, these investigators found no differences in expression of either receptor mRNA in gonadal tissue across the female, initial phase male, and terminal phase male phenotypes. Similarly, ERa mRNA did not differ in brain samples. However, AR mRNA abundances were significantly elevated in terminal phase males compared to both females and initial phase males. The precise neuroanatomical locations and site of sexual phenotype differences in AR mRNA expression are not known from the RT-PCR approach employed (ERa mRNA differences at the level of discrete nuclei also cannot be excluded). Characterizing receptor differences at finer neuroanatomical resolution should be particularly interesting in future studies.
The results of manipulative studies are generally consistent with a causal role for androgens in protogynous sex change. However, several issues are important when considering such studies including the social conditions experienced by treated animals, effects of different types of androgens, whether effects were mediated by the androgen administered or following conversion of Relative Plasma Steroid Levels Fig. 3 . Steroid hormone levels in plasma of the anemonefish Amphiprion melanopus for breeding males and females captured from unmanipulated social groups as well as males undergoing protandrous sex change induced by removing dominant females from social groups. Relative levels of different hormones are depicted to approximately the same scale except for cortisol, where levels were substantially higher (redrawn from Godwin and Thomas [47] ).
the androgen administered to another steroid, and the precise anatomical site(s) and nature of androgen effects. Kramer and colleagues [91] failed to show an effect of T implants on the occurrence of gonadal sex change in female bluehead wrasses despite observing the complete development of terminal phase male coloration within 18 days (roughly comparable to the rate of color change with natural sex change in bluehead wrasses, pers. observation). The lack of effectiveness of T may be because it is a biosynthetic precursor for other steroid hormones including estradiol. By contrast, studies in wrasses, parrotfishes and gobies have shown that non-aromatizable androgens effectively induce gonadal sex change [16, 61, 95, 131] .
Estrogenic control
While androgens can clearly influence the occurrence of sex change, estrogenic activity appears likely to be the critical regulator in most examples of socially-controlled sex change. Estrogenic control is suggested by several lines of evidence involving measures and correlates of estrogen synthetic capacity as well as estrogen manipulations. Higher E 2 levels in females of many sex changing species were discussed above. The following section discusses evidence for alterations in estrogen synthetic capacity and effects of estrogen manipulations on sex change.
As in tetrapod vertebrates, estrogens in teleosts are synthesised from androgens through the actions of a cytochrome P450 enzyme termed aromatase. Fishes have two aromatase enzymes derived from distinct genes: (i) gonadal aromatase, primarily expressed in the gonads (also referred to as p450AromA or cyp19A1) and (ii) 'brain aromatase' (also referred to as p450AromB or cyp19A2) [15, 40] . Teleosts can exhibit very high aromatase levels in brain tissue relative to those seen in tetrapods and evidence for brain aromatase activity regulating socially-controlled sex change is accumulating. The gobies that exhibit bi-directional sex change are particularly interesting models here. The bluebanded goby L. dalli is native to rocky reefs off the coast of California and exhibits bi-directional functional sex change through shifts in allocation between ovarian and testicular tissue in the gonad. Bluebanded gobies typically live in groups consisting of a behaviorally dominant male and several females in nature. Removal of the male from a social group leads to rapid gonadal, morphological, and behavioral changes in the largest female as she undergoes protogynous sex change [138, 156] . The behavioral changes include increases in a dominance-related displacement behavior that are correlated with rapid declines in aromatase activity in the brain [8] . Interestingly, gonadal aromatase activity also decreases as a female changes sex, but these decreases are slower than those in the brain and are not significantly correlated with behavioral changes. Aromatase immunoreactivity in another goby displaying bi-directional sex change, Trimma okinawae, was higher in ovarian tissue than testicular tissue, but neural expression was not examined [159] .
Manipulations using implants and aromatase inhibition also support a critical regulatory role for estrogen signaling in sex change. Implants of the aromatase inhibitor fadrozole are as effective in inducing protogynous sex change as 11KT implants in blackeye gobies [95] . The West Pacific goby G. erythrospilus exhibits serial bi-directional sex changes, an ability hypothesized to be adaptive by allowing formation of breeding pairs with any two fish resident on a coral and preventing the need for dangerous travel across the reef in this very small-bodied species. Fadrozole implants induce protogynous sex change in female G. erythrospilus while E 2 implants induce protandrous sex change in males [97] . Aromatase inhibitors are also effective in inducing protogynous sex change in groupers [102] and wrasses [69] . Importantly, induction of protogynous sex change in threespot wrasses by either aromatase inhibition or 11KT could be prevented by co-implanting the animals with E 2 , suggesting estrogen action is the critical inhibitory influence with androgens potentially having their effects by inhibiting aromatization (11KT does inhibit aromatization by the ovary of the Atlantic croaker, a gonochoristic fish species [12] ). Lastly, very recent findings in mammals show that ERa (ESR1) interacts with the forkhead transcription factor Foxl2 in the adult ovary to actively suppress Sox9 expression [166] . This suppression of Sox9 prevents somatic cell reprogramming and testicular differentiation. These authors speculate a Foxl2-mediated mechanism may be important in teleost sex change.
How might estrogen synthesis through aromatase activity be regulated in sex changing species? Relatively little information is available, but findings from gonochoristic fishes and other vertebrates suggest some intriguing possibilities. The promoter region of brain aromatase genes in the bi-directionally sex changing gobies G. histrio and T. okinawae have estrogen response elements (ERE), but an ERE was suggested only for gonadal aromatase in T. okinawae [44, 85, 86] . Estrogen responsiveness mediated transcriptionally through an ERE could help explain E 2 effects on the occurrence or prevention of sex change if exogenous estrogen maintained or induced aromatase expression in brain or gonad. Consistent with this estrogenic regulation of neural aromatase expression, female bluehead wrasses receiving E 2 implants do show higher brain aromatase mRNA abundances than controls (Hunkin et al., unpublished data). Kobayashi and colleagues [86] also described cAMP response elements (CRE) in the promoter regions of both forms of aromatase, consistent with results from zebrafish. By contrast, Gardner did not describe CREs for either aromatase in G. histrio, but did suggest a glucocorticoid response element (GRE) in the gonadal aromatase gene (although a GRE was not found in two other sex changers examined). The somewhat conflicting results from different studies are difficult to reconcile, but efforts to sequence the genome from a representative of every vertebrate genus (www.genome10K.org) could provide data allowing characterization of aromatase promoters across fish species within a few years.
Glucocorticoids have been postulated to be critical regulators of the sex change process [127] This model is based on the link between glucocorticoids and social status in many vertebrates, the frequent suppression of reproductive function in subordinate animals, and glucocorticoid regulation of steroid synthesis [127] . Contrary to the model's predictions, glucocorticoid administration did not prevent sex change in the protogynous sandperch Parapercis cylindrica under permissive social conditions [43] . However, glucocorticoid effects can be complex and more studies would be useful.
Neural signaling systems and sex change
Important regulatory events in socially-controlled sex change must take place in the brain. While our understanding of how transduction of social cues takes place is still very incomplete, characterization of the role of several neural signaling systems is progressing. This information is reviewed below with a focus on monoamine neurotransmitters, the hypothalamo-pituitary-gonadal (HPG) axis, and the neuropeptides arginine vasotocin (AVT) and isotocin (IST).
Role of monoamines
Monoamine neurotransmitters are key regulators of a wide variety of neural functions and it is therefore unsurprising that they are implicated in behavioral and gonadal aspects of sociallycontrolled sex change. Monoamine function is linked to social status in many species and monoamines also interact with neuropeptide systems regulating reproductive and behavioral functions [158] . Saddleback wrasses undergoing female-to-male sex change in outdoor floating pens showed monoamine changes in a variety of brain regions [100] . The pattern was complex and included a decrease in serotonergic activity in the raphe nucleus during the first week when sex-changing females were establishing behavioral dominance. Follow up studies showed monoamine manipulations could override social control of the process [99] . Reducing serotonergic signaling or increasing noradrenergic signaling pharmacologically induced sex change even in the presence of a large male (socially inhibitory conditions) while increasing serotonergic and reducing noradrenergic signaling could prevent sex change even when females were the largest fish in a group (socially permissive conditions).
The correlation between behavioral dominance and reductions in serotonergic activity in the raphe nucleus for sex-changing female saddleback wrasses is consistent with behavioral effects of fluoxetine, a selective serotonin reuptake inhibitor (trade name: 'Prozac') in the congeneric bluehead wrasse [126] . Both chronic and acute fluoxetine treatment, in the lab and field respectively, decreased aggression of terminal phase males towards a smaller terminal phase male intruder. The chronic fluoxetine treatment may have decreased aggressive behavior through augmentation of serotonergic signaling, but the treatment also reduced AVT mRNA abundances in the preoptic area (POA) and AVT is implicated in male-typical behavior in this species [149] . It is noteworthy that some SSRIs can also significantly alter neurosteroid synthesis. A study in mice using stereoisomers of fluoxetine showed that neurosteroidogenic rather than serotonergic effects best accounted for the decreased aggressive behavior of treated animals [129] .
Role of GnRH
Neuropeptides are key regulators of reproductive function and behavior in fishes as in tetrapod vertebrates. Studies in sex changing fishes have focused primarily on gonadotropin-releasing hormone (GnRH) neurons and AVT because of their strong links to reproductive function and behavior in a variety of systems [36] . Studies of GnRH and AVT in sex changing fishes have been largely separate, but intriguing new findings from both mammalian models and some gonochoristic fish species suggest potential links between behavioral and gonadal sex change involving the GnRH and AVT systems. Teleost fishes have multiple GnRH neuronal populations, but the hypothalamic GnRH neurons are the key regulators of the hypothalamo-pituitary-gonadal axis and reproductive function [36] . This has made GnRH a logical focus for studies of the neuroendocrine basis of sex change. Findings to date do support a key role for hypothalamic GnRH neurons, although a detailed mechanistic model for how a change in their function could lead to a change of sex is still lacking.
Bluehead wrasse terminal phase males exhibit greater numbers of immunoreactive GnRH neurons in the POA of the hypothalamus than females or initial phase males [60] and GnRH neuron numbers are increased in females and initial phase males receiving an 11KT implant (which also induces sex change [61] ). Males of the monandric protogynous Ballan wrasse (Labrus berggylta) also show more GnRH neurons in the POA than do females, but no differences were found in the ventral telencephalon or the terminal nerve area populations [28] . Anemonefish, as noted above, display protandrous sex change. Interestingly though, the dimorphism in POA GnRH neurons in the anemonefish A. melanopus is similar to that of the wrasses studied in that males have greater numbers than females [27] .
As with androgen and estrogen manipulations, experiments designed to mimic or produce changes in GnRH signaling can induce partial to complete sex change. In a series of studies, Kramer and colleagues demonstrated different degrees of sex change in female bluehead wrasses stimulated by treatment with human chorionic gonadotropin (hCG), a synthetic form of GnRH co-administered with a dopamine receptor antagonist, or neuropeptide Y [90, 92, 93] . There is some concern with these experiments since females were housed singly rather than in an inhibitory social environment with a larger fish as in some of the monoamine experiments with saddleback wrasses discussed above. However, the findings are generally consistent with gonadotropic signaling being an important regulator of sex change and are supported by a study showing hCG stimulation of protogynous sex change in the wrasse Coris julis [132] . More recent findings also implicate gonadotropic signaling and suggest potential mechanisms. Diurnal patterns of expression of various gonadotropin subunit mRNAs in the pituitary of the wrasse P. sieboldi were similar between males and females for the common a subunit, but strikingly different for the FSH and LH specific b subunits [120] . Perhaps the most interesting finding comes from the serially bi-directional sex changing goby T. okinawae. This species has a gonad with both ovarian and testicular tissue, but only one tissue is active at a time and this can be experimentally controlled through social manipulations. Kobayashi and colleagues found that gonadotropin receptor (FSHR and LHR) expression was very strongly biased to that portion of the gonad that was currently active and producing functional gametes (i.e., ovarian portion for females and testicular portion for males, [87] ). Socially induced sex change produced significant shifts in gonadotropin receptor mRNA expression within 12-24 h of the initiation of change and in the predicted directions. Finally, incubation with hCG and measurement of steroid production confirmed that mRNA changes were correlated with the predicted changes in gonadotropin receptor function. The mechanisms underlying the shift in gonadotropin receptor expression remain unknown and it is also unknown whether similar shifts occur in species without a clear morphological separation of ovarian and testicular precursors, but this example does suggest changes in target tissue responsiveness are likely to be important mediators of the sex change process.
Gonadal sex change can be relatively rapid with some species transitioning from functional female to functional male in as few as eight to ten days (e.g. [168] ). However, behavioral sex change is often much faster, occurring sometimes within minutes to hours [137, 168] . The rapidity of behavioral change and its temporal precedence over gonadal change calls into question a role for the gonads and gonadal products in regulating the process. In at least the bluehead wrasse, behavioral change does not depend on the gonads, occurring even in ovariectomized females made socially dominant on small patch reefs [48] . These ovariectomized, socially dominant females develop the full suite of terminal phase maletypical territorial and courtship behaviors, but do not develop terminal phase male coloration, presumably because they lack sufficient levels of 11KT (implanting 11KT into ovariectomized females does induce terminal phase male coloration [148] ).
Role of AVT
What neural mechanisms regulate behavioral sex change? Attention has focused largely on AVT and, to a lesser extent, IST because of patterns across vertebrate animals linking these neuropeptides and their homologs in tetrapods to important sociosexual behaviors [5, 23, 53, 56] . AVT neurons in teleosts are primarily localized in the POA with anterior parvocellular and more caudally distributed large neurons in magnocellular and gigantocellular populations. The parvocellular and magnocellular cell groups are likely to be homologous to the supraoptic and paraventricular arginine vasopressin neuron populations of mammals respectively (see [149] for a discussion of homologies). The magnocellular neurons are complex, with projections to both the pituitary gland and other brain regions including the thalamus and telencephalon in at least the rainbow trout [143] . There is also a more caudal group of small AVT neurons in the tuberal hypothalamus ( [55, 59] , and Godwin, unpublished in situ hybridization results for the bluehead wrasse), but very little is known about this cell population.
The first report of a difference in AVT neuronal populations was in the goby T. okinawae [62] . A later study in the bluehead wrasse showed higher levels of AVT mRNA in the POA of terminal phase males than females and rapid increases in AVT mRNA with experimentally induced sex change [49] . Since behavioral and gonadal change are 'confounded' in an experimental sense during normal sex change, Semsar and Godwin compared AVT expression in four experimental groups: females undergoing sex change with or without gonads and females not changing sex that were either ovariectomized or not. Social status influenced AVT mRNA levels in the POA while gonadal status did not ( [147] and Fig. 4) . In companion studies, neither castration of terminal phase males nor 11KT implants in ovariectomized females affected AVT mRNA abundances in bluehead wrasses [147] . Manipulative approaches are also consistent with a key role for AVT in behavioral control and sex change in this species. AVT injections can induce territorial behavior and increase courtship in non-territorial terminal phase males while injections of an AVP V1 receptor antagonist reduce both territorial aggression and courtship behavior in territorial terminal phase males [146] . The importance of AVT for the development of territorial status is also supported by experiments where an AVP V1 receptor antagonist blocked the development of territorial behavior in non-territorial terminal phase males and behavioral sex change in females made socially dominant through terminal phase male removals [148] .
Very little information is available regarding a potential role for isotocin in sex changing fishes. The single published study found greater numbers of isotocin-immunoreactive neurons in females and early-stage protogynous sex changers than in late stage sex change or males in the bluebanded goby L. dalli [9] .
What neural mechanisms influence AVT expression in bluehead wrasses and other sex changing species? Based on effects of the SSRI fluoxetine on AVT mRNA abundances described above, both serotonergic and neurosteroidogenic influences are possible [149] . Serotonergic effects on AVT neurons could be reminiscent of serotonin-induced reductions in AVP release in the anterior hypothalamus of golden hamsters [32] . We have also found both aromatase-immunoreactive glia and tyrosine-hydroxylase immunoreactive neurons in very close proximity to AVT neurons in the POA of bluehead wrasses [108] . Expression of estrogen receptor a, ba, and bb mRNAs is found throughout the POA in another perciform teleost [66, 67] . Expression of Erbb is especially strong in some large magnocellular neurons that may also express AVT, which would be generally consistent with ERb expression in mammalian AVP neurons [73, 110] .
Could interactions between the AVT, IST, and GnRH systems link behavioral and gonadal sex change? Too little information is available to assess this possibility presently, but findings from other teleosts and mammals suggest it is worth exploring. AVT and IST neurons in trout receive GnRH innervation and their electrical activity can be modulated with GnRH and a GnRH antagonist [142] . Isotocin and GnRH neurons have a broadly overlapping distribution in the POA of the dwarf gourami (Colisa lalia) and some parvocellular neurons in this region were immunopositive for both IST and GnRH [106] . Conversely, AVT could activate GnRH neurons. While certainly speculative, this possibility is suggested by vasopressin stimulating a LH surge in ovariectomized rats with suprachiasmatic nucleus lesions [125] , contacts between vasopressin and GnRH neurons in the monkey supraoptic nucleus [163] , and a recent report that vasopressin neurons in the suprachiasmatic nucleus of mice innervate kisspeptin neurons [76] . Kisspeptin neurons have recently emerged as key regulators of GnRH neuron activity across vertebrate animals including fishes [26, 118, 121] , exhibit sexual dimorphisms and steroid sensitivity in at least one teleost (the medaka [77] ), and have been linked to puberty in fishes [33, 109] . Studies of kisspeptin involvement in socially-controlled sex change have the potential to be very informative.
Alternative male phenotypes
As noted in the introduction, understanding the neural and physiological bases of behavioral variation is a central challenge for biology. Sex differences have provided very productive study systems for understanding this variation because individuals are 'pre-classified' into comparison groups that often show striking differences in behavior and physiology (but see [21] for a discussion of limitations to this approach). The sex changing species that are the focus of Section 2 above are interesting because they allow study of the transition between the two sexes. However, there are two general challenges faced by this approach. The first is that comparisons are confounded because the groups also differ in genotype with respect to sex chromosomes and gonadal sex [112, 113] . The genetic and gonadal sex confounds have been approached in several ways. These approaches include exploiting within sex variation generated by differences in the embryonic environment with phenomena such as intrauterine position effects in rodents and incubation temperature influences on adult phenotypes in reptiles [141, 144] . Another approach is to focus on the effects of disruptions in key endocrine signaling systems mediating sexual differentiation. Examples include testicular feminization in mice and various disorders of sexual development associated with androgen signaling in humans including androgen insensitivity syndrome, 5a-reductase deficiency, and congenital adrenal hyperplasia [19, 74] . The second general challenge is essentially one of repeatability because sex differences typically provide a comparison between only two groups. Species that display discrete, within-sex alternate mating phenotypes provide valuable opportunities to explore the bases of behavioral and physiological variation because they provide options that help address both of these challenges.
Morphologically discrete alternate mating phenotypes are seen in all vertebrate groups except mammals, but occur most frequently and are best studied in squamate reptiles and fishes [113, 160, 161] . The best studied reptile in this respect is the tree lizard Urosaurus ornatus in which both fixed and plastic variation are observed across alternate male types and a series of studies has explored the mechanistic bases of the morphological, neuroendocrine, and behavioral variation among male types [82, 113] . Fishes have received somewhat more attention with information now available from a number of species representing phylogenetically divergent groups and both hermaphroditic and gonochoristic sexual patterns. Examples of alternate male phenotypes in sex changing wrasses and parrotfishes were described in Section 2 above. Well-studied examples of alternate male phenotypes from gonochoristic fishes include the bluegill sunfish (Lepomis macrochirus), Atlantic salmon (Salmo salar), and the plainfin midshipman (Porichthys notatus). An interesting feature of these model systems emerges in terms of the sexual phenotypes represented. As with wrasses and parrotfishes, each includes a large territorial male morph characterized often by exaggerated morphological secondary sexual characters, aggressive defense of a territory where breeding takes place, and often conspicuous courtship behaviors. The large territorial morphs have been termed 'bourgeois' males by Taborsky [160, 161] . Females are usually smaller than males even in the gonochoristic species and do not display the morphological specializations exhibited by large males that are related to courtship and/or territorial defense (examples include coloration, fin extensions, and specializations for sound production). The alternate male mating phenotypes tend to represent an apparent decoupling and 'resorting' of components from the phenotypic characters seen in bourgeois males and females to produce a third, reproductively successful sexual phenotype (see also discussion in [124] ). Alternate male phenotypes are fixed in some species with no switching later in ontogeny. Other species show more plastic expression, with smaller males displaying a parasitic male phenotype then switching to a bourgeois male phenotype with growth and an increased ability to successfully compete for breeding opportunities (Fig. 1) .
Species with alternate male phenotypes are useful in providing three (or more) discrete comparison groups that can be used to address questions about behavioral and physiological variation (Fig. 5) . As noted by Moore and colleagues [112, 113] , alternate male phenotypes allow the comparison of discrete, 'pre-classified' groups of males that display what is often pronounced dimorphism in morphology and/or behavior without the confound of differing gonadal sex. Equally valuable for some questions is the ability to 'hold behavior constant' and vary gonadal sex by comparing both females and alternative male morphs to the bourgeois males. In this section, I first review alternative male phenotype expression and the behavioral, morphological, and neuroendocrine correlates of this phenotypic variation for sunfishes, salmonids, and the plainfin midshipman with brief treatment of blennies and cichlids as well. Each group is characterized by particular features or developing resources that are useful for exploring the physiological bases of traits showing inter-and intrasexual dimorphism. The summaries will necessarily be brief, but serve as a basis for discussing general patterns that emerge and the implications of these patterns for the physiological and evolutionary origins of alternate male phenotypes. It has recently been argued that alternative phenotype adaptations are relatively well understood from a theoretical standpoint, but that more information on their mechanistic bases is very much needed [139] . Teleosts provide excellent model systems for exploring such mechanisms. They also allow comparisons across phylogenetically divergent groups as the salmonid fishes and perciforms such as sunfishes and wrasses likely diverged in the Jurassic period [104] . Such comparisons provide an unusually good opportunity to look for common principles underlying this sort of behavioral variation without the confound of recent common ancestry.
The sunfishes
Four species of sunfishes, all in the genus Lepomis, are known to display alternate male phenotypes, but the bluegill sunfish (L. macrochirus) has received the most attention [117] . Bluegill sunfish inhabit inland bodies of fresh water ranging from Canada into the southern United States. Key advantages of this species are that their habitats are accessible for field study, their behavior is easily observed, their behavioral ecology is well studied, and they have been the subjects of seminal early studies exploring the behavioral and reproductive correlates of alternate male phenotype expression ( [65] , reviewed in [117] ). Four sexual phenotypes are exhibited: females, large parental males (the bourgeois males in this system), satellite males, and sneaker males (Fig. 6 ). Parental males are large, mature relatively late at large body size, exhibit display coloration, and defend nest sites that females visit to deposit eggs. Sneaker males gain fertilizations by darting into nests during spawning between parental males and females while satellite males mimic females in order to join spawning pairs and release sperm. Sneaker males develop into satellite males with growth, but this developmental trajectory is distinct from that leading to the large parental males.
Neuroendocrinological studies of alternate male phenotypes in sunfishes have focused on bluegills and information is still somewhat limited, but the differences between morph types suggest this will be a very interesting model system going forward (see full review in [117] reserves and greater swimming speed. As in the wrasses and parrotfish, the bourgeois parental males in bluegill sunfish show the highest circulating levels of 11KT, likely associated with the development of display coloration. Findings have been mixed for circulating T levels. Knapp and Neff [84] found higher levels of T in sneaker and satellite males than in parental males while an earlier study of the same population did not [80] . Most interestingly, Knapp and Neff found that sneaker and satellite males showed cortisol levels that were significantly elevated relative to both parental males and females. Estradiol levels also appeared to be elevated in sneaker and satellite males relative to nesting parental males on the day of spawning. Given the greater aromatase activity in the brains of female gobies and the non-territorial morph of the plainfin midshipman (see below), it is possible differences in circulating estrogen could be the result of neural synthesis differences.
The salmonids (salmon and trout)
Several salmonid fishes also display alternative male phenotypes that have been the subjects of considerable research from the behavioral and life history perspectives (reviewed in [35] ). These species provide a very good opportunity to explore the neuroendocrine bases of male phenotype variation because their physiology and genetics are well studied due to their ecological and economic importance. Many salmonid species have an anadromous life history where spawning and early development take place in freshwater, followed by downstream migration and maturation in the ocean before returning to freshwater as large fish to spawn. These migratory males pursue a bourgeois strategy, obtaining fertilizations through aggressive defense of nest sites on the spawning grounds. The alternate male phenotypes are referred to as 'jacks' or 'parrs'. These parasitic males forgo migration, mature earlier and at much smaller size than the downstream migrant males, and display sneaking behavior to obtain fertilizations. As with sunfishes, these are fixed strategies in salmonids as sneaker males cannot develop into bourgeois males.
The noteworthy features of salmonids for understanding the neuroendocrinology of alternative male phenotypes are the extensive body of research on salmonid reproductive ecology and physiology and, more recently, the development of genomic resources for the group. The success of using genomic approaches to explore phenotype differences in social insects (e.g., [169] ) suggests this is likely to be a similarly fruitful approach in salmonids and other groups of fishes. Working with brown trout (Salmo trutta), Kolm and colleagues [89] found that sneaker males had larger brains relative to their body size than migratory bourgeois males, although the cerebellum was relatively larger in the migratory morph. This brain difference is consistent with other studies demonstrating plasticity in salmonid brains [79, 101] . As with the GnRH differences described between male phenotypes in bluehead wrasses in Section 2, the HPG axis is important in differentiating parr from immature migratory males in Atlantic salmon with the maturing parr showing greater LHb and FSHb subunit mRNA levels in the pituitary, greater LH and FSH receptor mRNA in the testes, and greater testis size and 11KT levels. However, also consistent with the general observation of higher 11KT in mature bourgeois males, 11KT levels in precociously mature parr are relatively low compared with migrant bourgeois males returning to the spawning grounds [111] . These endocrine findings have been extended using salmonid cDNA microarrays in Atlantic salmon (S. salar). A pair of studies has shown differences in the expression of a number of key neuroendocrine genes at the developmental point when males are either maturing into non-migratory sneaker males or remaining immature and initiating the migration to the ocean [3, 4] . The differences found include some that might be expected to be regulated such as gonadotropin subunits, prolactin, proopiomelanocortin (POMC), somatolactin, and somatotropin. However, a variety of additional transcripts that would not have been predicted also showed significant covariation with the neuronendocrine genes. The authors suggest coordinated suites of gene expression controlled by one or few master regulatory genes govern critical life history transitions.
The Plainfin Midshipman (P. notatus)
The best studied and understood example of alternative male phenotypes from a mechanistic standpoint is the Plainfin Midshipman, P. notatus. An elegant series of studies have examined physiological, neuroendocrine, and neurophysiological differences between male morphs in P. notatus ranging from steroid hormone signaling to the activity and response properties of the relevant neural circuitry for key advertisement and communication behaviors (see [64] and citations below). The plainfin midshipman is a marine species native to the west coast of North America. During the summer breeding season, large 'type I' males court females through advertisement calls emitted from nest sites that they aggressively defend in the intertidal and shallow subtidal zones. Females are attracted to nests and deposit eggs the parental type I male then provides care for. Type II males are smaller, do not defend nest sites or court females, and attempt to obtain fertilizations through sneaking tactics similar to those employed by sneaker sunfish males. Type I males are the bourgeois males while type II males are the parasitic males in Taborsky's categorization. Females and type II males produce agonistic 'grunt' vocalizations, but not the courtship vocalizations used by type I males. Key advantages of P. notatus for exploring behavioral variation lie in the precisely quantifiable and reproducible nature of its acoustic communication signals and especially the suitability of its vocal-motor system for testing mechanistic hypotheses in manipulable neurophysiological preparations.
Patterns of plasma androgens in the plainfin midshipman are similar to other species discussed above in that the bourgeois male morph exhibits higher levels of 11KT. Indeed, observations from this species stimulated an important review linking 11KT primarily to display characters such as advertisement calls in fishes [11] . These results have been extended in recent years with characterizations of plasma steroid patterns both across the nesting cycle and across breeding and non-breeding seasons [81, 152] , demonstrations of seasonally varying auditory sensitivity in females that is under estrogenic control [150] [151] [152] [153] , expression of aromatase in glial cells (rather than neurons) that is widespread across both vocal and non-vocal brain regions [37] [38] [39] [40] 145] , and recently a demonstration of rapid actions of the three major classes of steroid hormones on vocalization behavior [133, 134] . Most directly relevant to this review are the findings of strong divergence in aromatase expression and activity, rapid steroid actions, and neuropeptide effects across sexual phenotypes.
Aromatase activity differs across sexual phenotypes in the midshipman [145] . Levels are comparable in the telencephalon, but higher for females in the diencephalon. Interestingly with respect to dimorphic vocal behavior, the greatest differences in aromatase activity are seen in the hindbrain where the sonic motor nucleus, a key vocal control region, is located. Females and type II males exhibit hindbrain aromatase activity levels 300-500% greater than those of type I males and these differences persist after castration in males. As predicted from these activity findings, both aromatase mRNA and protein were widely expressed in the brain including in the sonic motor nucleus of the hindbrain and POA, critical regions for vocalization and male-typical reproductive behaviors respectively [37] . Immunocytochemical colocalization studies showed brain aromatase was predominantly in glia in the midshipman, a surprising result relative to patterns in tetrapods. Comparing brain aromatase mRNA expression across sexual phenotypes in the breeding and non-breeding seasons showed a complex pattern of changes, but one generally consistent with the differences in aromatase enzymatic activity [38] . Circulating steroid hormone changes may contribute to aromatase expression changes as both T and E 2 implants administered to ovariectomized females increase aromatase mRNA levels in the sonic motor nucleus and POA [39] and at least ERa is expressed in both regions [40] .
Rapid steroid hormone actions also appear to be important in P. notatus and show fascinating variation across the sexual phenotypes. Elucidation of the vocal circuit in the plainfin midshipman has allowed experimental tests of various hormonal effects in intact and semi-intact preparations through monitoring of 'fictive vocalizations' -neuronal discharges of the pacemaker circuit to the sonic muscles that faithfully mirror vocal behavior at the whole animal level. Using this approach in type I males, Remage-Healey and Bass [133] showed that cortisol, 11KT, and E 2 (but not T) could modulate vocal patterning within five minutes and that these effects could be blocked with specific and appropriate antagonists. Extending the investigation to females and type II males revealed fascinating between-and within-sex dimorphisms in rapid steroid effects [134] . While 11KT rather than T modified vocal patterning in type I males, the converse was true in type II males and females where T rapidly and dramatically increased call burst duration. Cortisol effects also differed between phenotypes, but decreased burst duration in type II males and females as opposed to increasing it in type I males. In contrast to androgen and cortisol effects, E 2 effects were similar across the three phenotypes.
The differences in responsiveness across sexual phenotypes found for steroid hormones are also seen with the key neuropeptides AVT and isotocin in the midshipman [54] . Both neuropeptides innervate key vocal-acoustic areas of the midshipman brain with the vasotocinergic innervation being more restricted to these areas [55, 57, 58] . Goodson and Bass assessed responsiveness to exogenous AVT and isotocin across sexual phenotypes using fictive vocalizations as in the studies described above. Type I males and females showed exactly opposite patterns of responsiveness to these neuropeptides. Type I males responded to AVT with significant decreases in vocal motor output, but did not respond to isotocin. Females reduced output in response to isotocin while AVT was ineffective. Importantly, specific antagonists to AVT and isotocin also affected vocal motor output, but increased it in type I males and females respectively. Type II males provided the most striking results, showing patterns of responsiveness essentially identical to those of females rather than type I males. These responses to neuropeptides are very similar to those described above for rapid modulation of vocal motor output by T in this species and the lack of effects of AVT administration on the behavior of either females or female-mimic initial phase males in bluehead wrasses [148] .
Blennies and cichlids
Two other groups of fishes displaying pronounced intrasexual dimorphism that have been explored at the neuroendocrinological level are the blennies (Blenniidae) and cichlids (Cichlidae). The treatment here is briefer than that for the previous groups in this section because the patterns for both are similar in many respects to those described in Section 2 for sex changing species and because excellent recent reviews are already available [24, 31, 122, 124] .
The neuroendocrinology of alternative mating phenotypes in blennies has been best studied in the peacock blenny Salaria pavo [122, 124] . Peacock blennies are found in shoreline habitats in the eastern Atlantic Ocean. Nest sites are limited and occupied by older, larger males that differ from females in possessing a large head crest and anal glands on their anal fin. While large males compete for nest sites and provide parental care to eggs, it is the females that exhibit courtship in the populations that have studied (presumably because nest sites and nesting males are limiting). Young, small males cannot compete for nest sites and instead adopt a female-mimic strategy characterized by female coloration, lack of the head crest and anal glands, greater investment in gonads than nest holder males, female-like courtship, and low levels of both T and 11KT [50] . Administering 11KT to sneaker males caused development of head crests and anal glands as well as inhibited female-like courtship behaviors, but did not induce nest holder behavior [123] . Conversely, castration of sneaker males induced increases in female-like courtship and coloration. The induction of female courtship and coloration could be blocked with implants of T together with the aromatase inhibitor fadrozole while E 2 + fadrozole implants had no effect [51] . Peacock blenny brain aromatase activity did not follow the pattern seen in the plainfin midshipman. While females had the highest activity in the brainstem, levels in sneaker males were significantly lower and not elevated relative to nesting males [52] . Particularly interesting is the finding that AVT expression in the POA is greater in females and sneaker males than in large nest holding males [63] . Consistent with this female-biased difference and the association of AVT and courtship in some other species, AVT injections induce female-like courtship and coloration in sneaker males [18] (but not maletypical behaviors).
The cichlid fishes have provided valuable model systems for a variety of fields due to their adaptability to aquarium conditions, complex patterns of social behavior, and the spectacular species diversity within the family. The cichlid 'species flocks' of the African rift lakes are perhaps the best example of a rapid adaptive radiation in vertebrates. The usefulness of cichlids as models is likely to continue to grow as genomic resources are developed [70, 88, 135] . These fishes should therefore continue to be excellent model systems for behavioral neuroendocrinology [130, 136] . The best-studied example of intra-and intersexual dimorphism in reproductive function among the cichlids is Astatotilapia burtoni (formerly Haplochromis burtoni). This small-bodied species is native to Lake Tanganyika and rivers draining into the lake where territorial males defend breeding territories in shallow water [30] . Males compete for a limited number of territories and transitions between territorial and non-territorial status are frequent. Transition to territorial status involves rapid activation of the gonads, increases in plasma androgens, and development of display coloration and aggressive behavior (reviewed in [31] ). The changes in the HPG axis are triggered by activation of forebrain GnRH neurons, which show increases in expression of the immediate early gene EGR-1 within a very short period after males perceive an opportunity to ascend to territorial status and begin displaying dominance related behaviors [13] . Shifts in social status are also accompanied by changes in the expression of AVT [59] , somatostatin and somatostatin receptors [71, 165] , and androgen and estrogen receptors [14] . Functional genomic resources have also now been developed for A. burtoni in the form of cDNA microarrays to allow global gene expression profiling. Initial efforts have provided confirmatory evidence of variation in signaling systems previously examined and intriguing new candidate genes and pathways that may be important for behavioral variation [136] . As with the salmon example in Section 3.2 [3, 4] , most exciting is the ability to begin examining and comparing suites of coordinately regulated genes that shape the neural substrates of social dominance and reproductive adaptations both within and between species [130] . We return to the promise of contributions from genomics below.
Synthesis and summary
From a mammalian perspective, sexual phenotypes are typically thought of as tightly integrated suites of characters whose morphology and response properties are largely organized during early development by gonadal steroid hormones ( [128] , but see [2] ). The gonadal steroid environment, in turn, depends on sex chromosome inheritance. Fishes deviate from the mammalian pattern both temporally, with key sex determination and differentiation events taking place across the lifespan in many species, and in decoupling and 'resorting' different components of sexuality to generate successful alternate reproductive phenotypes. This concluding section considers whether there are general principles in the neuroendocrine regulation of the plastic sex determination and differentiation in fishes, how patterns of regulation may contribute to and facilitate plasticity in sex determination and differentiation, and promising future directions.
Regulatory pathways and sexual plasticity in fishes
Estrogens and androgens play key roles in regulating sociallycontrolled sex change and intrasexual dimorphism in male fishes. However, in contrast to patterns in tetrapods, emerging information from several species suggests the precise nature of these mechanisms may be very different in fishes. Whereas estrogens play a key stimulatory role in inducing male-typical neuronal and behavioral phenotypes in many birds and mammals [6, 164] , the opposite appears true for many fishes. Examples include bluebanded gobies where brain aromatase activity declines rapidly at the onset of female-to-male sex change, the plainfin midshipman where hindbrain aromatase activity is much higher in females and female-mimic males, and the numerous studies showing inhibition of female-to-male sex change and/or male-typical behaviors through E 2 administration. In contrast, androgens are reliably linked to the development of bourgeois male phenotypes in both sex changing and gonochoristic species, although the precise mechanisms and scope of these effects remains somewhat unclear. Brantley and colleagues [11] noted that the correlation between androgen levels and display of male secondary sexual characters was much stronger for 11KT than for T and more recent findings are consistent with this role for 11KT. These authors also noted a stronger linkage between elevated 11KT levels and morphological display characters than elevated 11KT levels and male-typical behaviors, a pattern also supported by more recent work. For example, gonads are not necessary for behavioral sex change in bluehead wrasses, but are necessary for development of terminal phase male coloration. Elevated 11KT levels may be necessary, but not sufficient for the display of bourgeois male behaviors in some other cases [123] .
While it is clear that steroid hormones are important in some components of sex change and alternative male phenotype expression in fishes, it is less clear what the mechanisms and anatomical sites of their effects are. One mechanism is through direct effects of the hormones of interest such as the modulation of vocal behavior in the plainfin midshipman where a direct action is supported by the effectiveness of receptor antagonists. However, equally plausible in many cases are indirect effects where substrate utilization may indirectly reduce either androgenic or estrogenic signaling. High levels of aromatase in the sonic motor nucleus of female and type II male plainfin midshipman were suggested to potentially prevent masculinization by converting T to E 2 [145] . Conversely, rapid decreases in brain aromatization at the onset of sex change in L. dalli may indirectly increase 11KT levels by increasing substrate (T) available to the enzymes 11b-hydroxysteroid dehydrogenase (11b-HSD) and 11b-hydroxylase [8] . Knapp [83] has also suggested the potential of stress to affect 11KT levels through substrate competition for the enzymes 11b-hydroxylase and 11b-HSD. These two enzymes are important for biosynthesis of both cortisol and 11KT and Knapp hypothesized that the elevations of cortisol in sneaker male sunfish could therefore interfere with 11KT synthesis. The anatomical and neuroanatomical sites of key steroid hormone effects in this context are also unclear. Both 11KT and aromatase inhibitor treatments can induce femaleto-male sex change in a number of species, but treatments have been applied systemically rather than site-specifically. Given the more rapid declines in aromatase activity in brain than gonads at the onset of sex change in L. dalli, it is possible that the critical effects in androgen and aromatase inhibition experiments occur in the brain with gonadal change being a consequence of altered gonadotropin signaling (as in [87] ). Site-specific manipulations in the brain would be very useful in this regard.
The neuropeptide hormones GnRH and AVT are both implicated in regulating sex change and alternative male phenotype expression, but a general explanatory framework applicable across species has not yet emerged. Challenges to developing such an interpretive framework include the diversity of reproductive patterns and behaviors represented, diversity in timing of reproduction with both year round and seasonal breeders having been studied, and in the methods employed to examine the neural systems. Results to date do appear generally consistent in linking bourgeois male phenotype expression to greater activation of the hypothalamic GnRH system. This association would be strengthened considerably with more demonstrations of GnRH system activation during transitions to dominant male status like that provided for A. burtoni [13] . Activation of the AVT system in some species is closely linked with the display of aggressive social dominance and active courtship (bluehead wrasses, Astatotilapia) while territorial, courting males in the plainfin midshipman show less well developed AVT systems and AVT can suppress aggressive fictive vocalizations in this morph [36, 54] . The reasons for this disparity are not understood, but it is relevant that AVT/AVP systems in vertebrates are noted for variation in expression and function across species exhibiting different social structures [56] .
Developmental polarity and decoupling of the components of sexuality?
Intense competition for limited mating opportunities is hypothesized to be the key selective force favoring the evolution of both alternate male phenotypes and many examples of sex change [45, 117, 160, 167] . Intrasexual competition provides the selective pressure favoring these adaptations, but the occurrence of natural selection also requires the developmental or physiological mechanisms necessary to effect an adaptation. Are there features of teleost reproductive development that facilitate these changes in patterns of sexual development? This section summarizes evidence that the timing and relative 'coupling' of different aspects of sexual determination and differentiation are likely to facilitate sexual lability in teleosts both physiologically and evolutionarily.
As noted in the introduction, Francis [41] proposed that the reversed polarity of brain-gonad development in teleosts relative to tetrapods creates the opportunity for individuals to use environmental information to adaptively direct sex determination and differentiation. Socially-controlled sex change is perhaps the most spectacular example of this sexual lability, but there are also a number of examples of social environment cues directing initial sex determination in fishes [41, 42] . The ability of an individual to use information about its social environment to guide differentiation into either a bourgeois or parasitic male morph during development could be strongly adaptive under conditions of intense mate competition. Do environmental cues contribute to the process of intrasexual differentiation prior to sexual maturity? No information is yet available to address this question directly. However, the social control of sex before maturation in some species [42, 115] and of male phenotype differentiation after maturation in species like the bluehead wrasse suggest it is certainly plausible.
Do teleost fishes show a relative 'decoupling' of different components of sexual development relative to many tetrapods? In 1970, Alfred Jost [75] conceptualized sexuality as consisting of components including genetic sex, gonad sex, body sex, and brain sex. The different components of sexuality are typically tightly linked in mammals due to the cascading effects of chromosomally determined genetic sex leading to the differentiation of either ovaries or testes. The resultant differences in hormonal environment then organize body and brain sex (see [20] for a discussion of hormonal sex). By contrast, a relative decoupling of components of sexuality is suggested by several observations from both sex change and alternate male phenotypes in fishes.
Increases in 11KT levels, presumably mediated by increases in the activity of 11b-hydroxylase and 11b-hydroxysteroid dehydrogenase, lead to dramatic alterations in phenotype in species like the bluehead wrasse and stoplight parrotfish. Aromatase activity changes very rapidly in the brain in species like the bluebanded goby with the onset of sex change and differences in aromatase expression appear to contribute to within-sex dimorphism in the plainfin midshipman. Therefore, what appear to relatively minor alterations in endocrine physiology from a regulatory standpoint can have substantial consequences for development of the sexual phenotype. The variations in endocrine signaling and their effects discussed above for fishes are reminiscent of disorders in human and mouse sexual development where disruptions of 5a-reductase function or androgen receptor signaling lead to the development of female external phenotypes in genotypically XY individuals [19, 74] . The difference in fishes is that the alternate sexual phenotypes are reproductively fully functional. Indeed, parasitic males of many species have larger testes than bourgeois males despite low to non-detectable levels of 11KT [11] . This decoupling of testicular function from elevated 11KT and elaborate 11KT-dependent secondary sexual characters may have important consequences both ontogenetically and evolutionarily. Ontogenetically, decoupling provides a physiological mechanism for altering expression of male display characters. In the absence of elevated 11KT, parasitic male phenotypes appear to generally follow a 'default' pathway that characterizes female development and results in a female-typical external phenotype (see [75] for similar arguments regarding mammals). Evolutionarily, such a decoupling could make the origin of alternate male phenotypes more likely if the loss or reduction of 11KT synthesis requires only a relatively minor genetic change. It is interesting in this context that elaborate secondary sexual characteristics in males appear to be lost more often than they are gained evolutionarily and a link to androgen metabolism has been suggested [29, 170] .
Is decoupling of gonadal sex and brain sex more common in fishes? Again, several observations from species with sex change and alternate male phenotypes suggest this is the case. For sex changing fishes, these observations include very rapid behavioral changes that appear to greatly precede gonadal change in wrasses [137, 168] , behavioral sex change in the absence of gonads in bluehead wrasses [48] , and declines in aromatization occurring more quickly in brain than the gonads in bluebanded gobies [8] .
For alternate male phenotypes, female-mimic behavior in a number of species suggests female-like neural substrates. Neuroendocrine observations are consistent with this suggestion. Female and initial phase male bluehead wrasses have similar GnRH neuronal phenotypes and both are distinct from terminal phase males. Female and type II plainfin midshipman exhibit strong similarities in aromatase expression and vocalization responses to steroid and neuropeptide hormones that are distinct from those seen in type I males. The female-like levels of 11KT in parasitic males of many species also provide support as these endocrine differences likely originate with different patterns of hypothalamic neuroendocrine signaling. Lastly, gene expression profiling in the brain suggests greater similarity of socially subordinate male phenotypes to females than to dominant males in two cases. Comparing neural gene expression profiles using hierarchical cluster analysis in A. burtoni, Renn and colleagues [136] showed greater overall similarity between females and subordinate males than either phenotype showed with dominant males. A similar approach in Atlantic salmon also showed greater similarity between immature female and sneaker male neural gene expression profiles than either showed to the immature males that would migrate and later become large bourgeois males [3] . Quantitative RT-PCR based comparisons of proopiomelanocortin and prolactin in the same study revealed identical patterns across the salmon phenotypes at a more focused neuroendocrine level. Neither the studies in A. burtoni nor Atlantic salmon provide an ideal test of whether alternate male phenotypes have 'female-like brains' because one or two of the three phenotypes being compared in each is either reproductively suppressed or immature. However, both studies are generally consistent with this hypothesis. Also consistent are results of brain gene expression profiling for bluehead wrasses where we have found greater overall similarity between females and initial phase males than either phenotype shares with terminal phase males (Passador-Gurgel and Godwin, unpublished data). More data are clearly needed to fully address the question and gathering these data will be greatly facilitated by recent advances in genomic technologies.
Summary and future directions
The last decade has seen substantial progress in our understanding of sex change and sexual differentiation in fishes. Progress should accelerate as genomic resources become widely accessible for a variety of vertebrates. For example, efforts are underway to sequence the genome from a representative of every vertebrate genus (www.genome10K.org). The availability of extensive genomic data should provide the foundation to rigorously examine the regulation of key neuroendocrine pathways through promoter analysis as well as greatly facilitate the development of molecular tools for fish models. An intriguing possibility is the use of transcriptional profiles as response variables in testing the effects of potential regulators of sex differentiation responses. For example, do endocrine manipulations that induce sex change produce similar transcriptional changes to those that occur with socially stimulated sex change? If so, it would increase confidence that the experimental manipulations are relevant to the natural situation.
There are also unresolved questions that will require more traditional approaches. Prominent among these is the question of whether the differentiation of alternate male morphs in many species is genetically fixed or phenotypically plastic in expression. If plastic, the regulation of male morph development is likely to be through social cues in many species. Elucidating the neural pathways by which social cues are 'transduced' into neuroendocrine processes is a challenging, but key issue for the emerging field of 'social neuroscience.' Teleost systems provide attractive models because of their dramatic and often very rapid phenotypic responses to social environment. Understanding transduction of social cues will also likely require much more detailed information about neural signaling systems, their structure and activity at a circuit level, and especially interactions between these systems in the brain. manuscript. The author's research is supported by 0416926 from the US National Science Foundation. This is a contribution of the W.M. Keck Center for Behavioral Biology at North Carolina State University.
